The 4d 10 →4d 9 5s 1 transitions of the Ag ϩ ion in single crystals of NaF were investigated by oneand two-photon spectroscopy and luminescence experiments. The one-photon absorption spectrum extends from 238 to below 180 nm. At low temperature, several bands show resolved fine structure, but compared to NaF:Cu ϩ , there is much less, and the lines are broader. The Jahn-Teller effect is much larger in Ag ϩ than in Cu ϩ and has been identified in three of the excited states. Trapping in Jahn-Teller minima is shown to change the emission kinetics radically compared to Cu ϩ . The off-center force from the d 9 p states has much less effect on Ag ϩ than on Cu ϩ . All of the evidence shows that Ag ϩ is more strongly coupled to the lattice than is Cu ϩ .
I. INTRODUCTION

Both Ag
ϩ and Cu ϩ have filled d 10 shell ground configurations and d 9 s 1 and d 9 p 1 excited configurations which give rise to simple and easily interpreted optical spectra. As impurity ions in alkali halide crystals, both their infrared spectra 1 and their optical spectra 2 have been studied in much detail.
In an extensive series of optical spectroscopic studies, it was found that Cu ϩ in NaF showed well resolved zerophonon lines and much resolved phonon side band structure, 3 whereas little such detail appeared in the hosts NaCl 4 and LiCl. 5 Since Ag ϩ had been studied in the latter 6, 7 and also showed no fine structure, we hoped that if NaF:Ag ϩ could be made, in spite of the significant ionic radius mismatch, that it too would reveal more spectral detail. Fortunately, we were able to grow this crystal.
Since the d→s transitions are parity forbidden in onephoton spectra, we have successfully used two-photon spectroscopy to observe some zero-phonon lines. The two-photon polarizations show that Ag ϩ is in a strictly cubic site in the NaF crystal. The one-photon spectra were similar to those in NaCl and LiCl but with more fine structure. 6, 7 Together, the two types of spectra make possible a detailed analysis of the electronic and vibrational states of this impurity ion.
There were some significant differences from Cu ϩ in NaF. 3 The comparisons of Ag ϩ with Cu ϩ enhance our understanding of the electronic and vibrational states of both ions and will be referred to throughout this article.
II. EXPERIMENT
Single crystals were grown under carefully controlled growth conditions in a Bridgman furnace, under a fluorinated argon atmosphere from high purity NaFϩAgF 2 . Nominal dopant concentrations were between 0.5 and 0.8 mol%. The silver entered the crystals as Ag ϩ and was found to be inhomogeneously distributed. In addition to the cubic Ag ϩ ion described in this paper, the strongly doped parts often presented silver pairs in appreciable concentration similar to those identified in other alkali halide hosts. 8 The crystals used in our investigation were always selected from that part of the boule showing lowest pair center concentration. Samples were obtained by cleaving platelets from the crystal or by cutting them with a string saw followed by optical polishing of the surfaces. None of our crystals, as grown, presented any electronic paramagnetic resonance ͑EPR͒ signals due to silver ͑in particular neither Ag 2ϩ nor Ag 0 ͒ down to 4.2 K. 9 Optical absorption spectra were obtained on a Cary 14 and a Cary 2300 in conjunction with a Cryo Industries variable temperature dewar ͑for Ͼ190 nm͒ and on a McPherson vacuum ultraviolet ͑UV͒ spectrometer described before. 10, 11 A double beam configuration with two photomultipliers was used and a pure NaF crystal of the same thickness as the sample crystal was located in the reference beam. A typical linear dispersion was 0.05 nm/mm at 200 nm. One-color, two-quantum spectra were recorded using the tripled output of a Quantel YG-580 YAG laser pumping a Lambda Physik FL3002 dye laser. The linearly polarized beam ͑Coumarin 2, 432-468 nm͒ was incident along a ͓100͔ crystal axis. The excitation was monitored by observing the luminescence along ͓010͔ through a bandpass filter and using a suitable delay with the boxcar. The crystal was located in a Janis variable temperature dewar. A LakeShore temperature controller governed the temperature. The time dependence of the luminescence decay was measured using the frequency doubled output of the Lambda Physik dye laser with output pulses of 5-8 nsec at 215 nm.
Lifetime measurements at Lyon were performed with a Stanford SR430 multichannel analyzer ͑minimum dwell-time per channel 5 ns͒. An Air Liquide helium cryostat was used. The optical source was a Q-switched Nd 3ϩ :YAG pumped dye laser ͑YAG481ϩTDL IV from Quantel͒ associated with frequency doubling and mixing systems allowing the crystal to be excited at 225 nm ͑pulse width 15 ns͒. The fluorescence wavelength was selected with a Hilger computer scannable 1 m monochromator and detected by a Hamamatsu R1477 photomultiplier tube ͑PMT͒ ͑rise time 2 ns͒.
III. RESULTS
A. Overall absorption and luminescence
Absorption spectra were recorded at several temperatures between room temperature ͑RT͒ and 4.2 K. Figure 1 gives the spectra obtained at RT and 10 K sample temperature, respectively. ͑The part of the 10 K spectrum below 178 nm is distorted due to condensation of residual gases in the sample compartment of the vacuum spectrometer͒. There is a clear decrease of band intensities as the temperature decreases, an indication of a vibronically induced spectrum. The spectrum is due to ͑forbidden͒ 4d 10 →4d 9 5s 1 transitions of Ag ϩ . The spectral bands also shift about 500 cm
Ϫ1
to the blue upon cooling from 300 to 10 K as do d→s transitions in other systems. 12 Only crystals doped with silver yielded this spectrum reproducibly. Further, several samples were x-irradiated ͑typically 15Ј, 40 kV/30 mA Wanode͒. Before and after this step an absorption spectrum was recorded. Then the irradiated sample was examined by EPR ͑at T near 4.2 K͒. The only EPR spectrum observed was due to the well-known cubic Jahn-Teller ͑JT͒ Ag 2ϩ ion. 9 This set of experiments performed on several samples permitted direct correlation of the intensity of this EPR spectrum with the intensity difference between the Ag ϩ absorption spectrum recorded before and after X-irradiation and to show a linear relation, within 3%. Finally, a comparison with published results on Ag ϩ in several other alkali halides 6, 7, 13, 14 shows the great similarities between these spectra. Ag ϩ in NaF shows comparatively well separated spectral components as well as the resolved structure in its optical absorption spectrum which we had hoped to see ͑see below͒.
Positions and full widths at half height ͑FWHH͒ of the bands of the Ag ϩ spectrum are given in Table I . The experimental room temperature ͑RT͒ spectrum was reconstructed by Gaussians with the aid of an algorithm minimizing the least square error. The experimental RT entries in Table I represent the best estimate of the band peaks by this procedure. The spectral assignments of the bands are also given in Table I . They are made by analogy to the spectrum of Ag ϩ in NaCl. 6 They are confirmed by two-photon spectroscopy and by the calculation of the energy levels of the d 9 s configuration as described in Sec. IV A.
The pair of peaks at 45 320 and 46 880 cm Ϫ1 at 294 K both belong to the 1 E state and would represent a JahnTeller effect of the eϫE type by analogy to Ag ϩ in NaCl. 6 The temperature dependence of the band separation will be shown to support this assignment. A detailed analysis of the band shape has been made ͑see Sec. IV C͒. for 10 Dq at 10 K. An accurate value will be given by the computed fit to all levels. The two weaker bands are the allowed components of 3 T 2g , T 2 at 50 000 cm
, and E at about 53 000 cm Ϫ1 at 10 K. Transitions to the other components of 3 T 2 , T 1 , and A 2 are forbidden within the d 9 s configuration as they have no singlet component. Their approximate positions are given by the calculation of the levels given in Sec. IV.
The longest wavelength band is expected to be the transition to the 3 E(T 1 ϩT 2 ) states. In fact it appears to be the origin of the luminescence band peaking at 242.5 nm ͑41 220 cm Ϫ1 ͒. On the other hand, its temperature dependence in absorption is not like that of the other bands, and it appears in some samples to be too strong for this assignment. This assignment will be discussed below in Sec. III B. The room temperature vacuum UV absorption showed a region of very strong absorption between 66 000 and 75 000 cm Ϫ1 which can be assigned to the states of the d 9 p configuration. The spectral cutoff due to the 1 mm NaF host crystal occurs above 76 000 cm Figure 2͑c͒ shows these results. They accurately follow the law based on a vibronic model, . In addition to the 242.5 nm luminescence band we observed a relatively strong emission band near 350 nm (26 ϫ10 Ϫ6 s) and a weak one at 520 nm (160ϫ10 Ϫ6 s) when exciting at 224 nm. These bands are due to pairs or other defects and probably account for the unexpectedly strong absorption in the region where the 3 E hand should lie. We do find evidence for the 3 E band in the two-photon spectrum, as is shown in the next section.
B. Fine structure and two quantum absorption
The absorption hands due to 1 E, 3 T 2 (T 2 ), and 1 T 2 show resolved one-photon fine structure below 20 K ͓Figs. 3͑a͒, 3͑b͒, and 3͑c͔͒. Since these transitions are parity forbidden, we interpret these lines as 0-1 vibronic transitions of oddparity modes on the two former bands ͓Figs. 3͑a͒ and 3͑b͔͒. The first band ͓Fig. 3͑a͔͒ shows an additional strongly broadened structure at about 90 cm Ϫ1 ͑see below͒. The 1 T 2 band has two fine structure lines of practically the same width ͓Fig. 3͑c͔͒.
Two-quantum, single-color absorption experiments performed on the band ascribed tentatively to 3 E yielded a zerophonon line at 42 593 cm
Ϫ1
, Fig. 4͑a͒ . This signal appeared when the electric light vector E ͑propagating along ͓100͔͒ was along ͓011͔, whereas no signal was found for E ʈ ͓010͔ or ʈ ͓001͔. According to the selection rules, 15 this transition connects the ground state ( 1 A 1g ) with a T 2g final state; this would be assigned to the T 2 component of 3 E. The 1 E band at 46 000 cm Ϫ1 absorbed the beam when E ʈ ͓010͔, ͓001͔ and ͓011͔ with an intensity ratio about 3.5:1. This result is in approximate agreement with the general selection rule for E g final electronic states 15 ͑predicted ratio 4:1͒. The zero-phonon line and part of the side band are shown in Fig. 4͑b͒ .
In order to measure the separation between the one-and two-photon lines found near the origin of the 1 E state with good accuracy, a special experiment was performed: the two spectra were measured in exactly the same apparatus so that they had the same wavelength calibration. The two-photon spectrum was obtained using the radiation near 440 nm from a coumarin dye and the one-photon spectrum was obtained by doubling this radiation with a BBO crystal without tuning the crystal over the small wavelength range needed for the experiment. By this method, the interval between the twophoton origin and the one-photon vibronic origin was found to be 156 with an error of about 3 cm
. We attempted to find the two-photon transitions to 1 T 2 and the components of 3 T 2 by means of several two-color schemes. Although sharp features appeared, they were not two-photon transitions and we cannot use the data. It is probable that other species such as dimers were responsible for these spurious features.
As these results show, and in contrast to NaF:Cu ϩ , 3 we have found in only one state both a zero-and a one-phonon line from which to obtain the frequency of an odd-parity phonon, namely in the 1 E state. It is notable that the linewidths are greater for Ag ϩ and that no clear progressions of the odd-parity phonon appear. The fine-structure data are collected in Table II. IV. DISCUSSION
A. Electronic structure
As seen in Table II , the fine-structure lines in the oneand two-photon spectra of the 1 E band do not coincide at any point. This is evidence that the Ag ϩ ion lies at a center of symmetry, presumably at the Na ϩ site of the NaF crystal. Therefore it is reasonable to try to fit the positions of the absorption peaks in Table I where the first two terms are the free ion Hamiltonian for the ds configuration with parameters G 2 for electron exchange and 4d for spin-orbit coupling, and the last term is the cubic crystal field potential with parameter Dq. The strongest absorption bands are mainly of Sϭ0 character, as they are only parity forbidden. They are of symmetry T 2g and E g . Their order in energy agrees with the model of an electron in octahedral symmetry excited from the filled 4d 10 (egϩt 2g ) configuration into an empty 5s(a 1g ) state. The bands having large Sϭ1 contribution are weaker as the transitions are also partially or fully spin forbidden. An estimate of the center ͑at about 43 670 cm Ϫ1 ͒ of the T 2g band resulting from 3 E g (T 1g ϩT 2g ) was inferred from its origin furnished by the two-photon result and under the simplifying assumption that its bandwidth is the same as for the 1 E g state. The parametrization of the RT spectrum was performed by using the positions of the following bands as input data: 182 nm ͑54 945 cm ͒. A MATLAB program of the model Eq. ͑2͒ was written, including a nonlinear optimization part, and the spectrum was parametrized by a least square minimization. The 20ϫ20 matrix was adjusted to the above values. Thereby the parameters (G 2 , 4d ,Dq) were treated as unknowns to be optimized. The same procedure was applied to the 10 K spectrum, giving almost the same parameters. The calculated positions resulting from this optimization process are given in Table I . Further, the squares of the Sϭ0 coefficient contributing to the eigenfunctions of each level are listed in this table. This coefficient is small for the lowest T 2g level and is zero for the levels which transform as A 2g and T 1g , respectively. These results, and the fact that it is very difficult to totally eliminate the absorption bands due to silver pairs, explain why the lowest 3 E(T 1 ) band and the nearby 3 E(T 2 ) band have not been identified experimentally by one-quantum absorption experiments. Figure 5 presents the energy levels obtained as a function of (Dq/ 4d ) for the Tϭ300 K fit. The structure of the diagram is very similar for the low temperature situation. The final solution is indicated by a vertical line on Fig. 5 . Remarkably, the purely cubic model predicts a splitting of only 93 cm Ϫ1 between the T 1g and T 2g components of 3 E. The calculated levels fit the spectrum well enough to support the band assignments we made, and the positions of the unobserved levels are given. The parameters corresponding to this fit of the spectrum are G 2 ϭ914, 4d ϭϪ1744, and DqϭϪ745 cm Ϫ1 . The parameters of the free ion are G 2 ϭ961 and 4d ϭϪ1830 cm Ϫ1 : thus these parameters in the crystal are 95% of the free ion parameters. The value of Dq is over twice the value for Cu ϩ in NaF. 16 Not included in the above calculation is the d 9 s configuration shift: the levels given in Table I are adjusted to an average configuration energy of 48 670 cm Ϫ1 using the 294 K data or 49 170 cm Ϫ1 , using the 10 K data as part of the spectral fitting. From these data one sees that the blue shift on cooling the crystal is about 500 cm
Ϫ1
. In the free ion, the d 9 s configuration center is at 41 964 cm
, an upward shift of about 6700 cm Ϫ1 in passing from free ion to NaF crystal. In Cu ϩ , this shift is 10 680 cm
. The d 9 p configuration shifts the other way: for Ag ϩ it is Ϫ14 000 and for Cu ϩ it is Ϫ11 000 cm
. These shifts in LiCl:Ag ϩ and LiCl:Cu ϩ have been discussed and explained in Ref. 17 .
B. Phonon structure
The phonon spectrum of NaF:Ag ϩ is not as distinct nor as well developed as in NaF:Cu ϩ . The stronger crystal field at the Ag ϩ ion indicates the possibility of stronger coupling to lattice modes, leading to broader features.
In the two-photon spectra we expect to see even parity vibrational modes as measured from the origin line to the sidebands. In each of Figs. 4͑a͒ and 4͑b͒ there is a broad sideband at about 90 cm
Ϫ1
. Their linewidths are about 40 cm
, which is over three times the width observed for an 85 cm Ϫ1 even-mode line seen in the two-photon absorption to 1 T 2g of NaF:Cu ϩ , and twice the width of a 111 cm Ϫ1 oddmode line in the 1 E g absorption. 18 These widths are due to decay of local modes into lattice modes, 19 and the greater width of the Ag ϩ lines compared to Cu ϩ agrees with other indications noted above of a stronger lattice coupling in NaF:Ag ϩ . An even mode of such a low frequency, 90 cm Ϫ1 , is not expected to be a totally symmetric one. As shown in the next section, the e g and a 1g modes are likely to be in the region of 250 cm
. There are no critical points in the phonon spectrum of NaF below 140 cm Ϫ1 , 20 so the 90 cm Ϫ1 feature must be a local bending mode, perhaps like the t 2g mode of an octahedral molecule.
In the one-photon spectrum, measuring from the twophoton origin to the first sideband, we expect to see the t 1u modes responsible for electric dipole intensity. In the 1 E g spectrum we see an interval of 156 cm
. In NaF:Cu ϩ this first interval is 17 cm
, and from the highly anharmonic progression of this mode it was deduced that the Cu ϩ was being driven strongly off-center. 21 Clearly, the 156 cm Ϫ1 mode does not represent such a motion of the Ag ϩ . The first feature in the density of states of NaF occurs at about 150 cm Ϫ1 , 20 so we believe that the 156 cm Ϫ1 line represents an odd-parity motion of the six nearest neighbor F Ϫ ions, similar to the higher of the two t 1u modes of an octahedral molecule, with very little motion of the central atom, Ag ϩ . Therefore, we do not have the same kind of potential surface for the excited states of Ag ϩ as was found for Cu ϩ , 21 and there is no evidence for the double minimum in the t 1u mode in NaF:Ag ϩ that was found for NaF:Cu ϩ . A reason for this difference is likely to be the difference in ionic radii between the two ions. Shannon lists the following values for six coordination: Ag ϩ 129, Na ϩ 116, Cu ϩ 91 pm. 22 Evidently, the Cu ϩ can rattle around in the Na ϩ site but the Ag ϩ cannot. Remember, however, that we are discussing the 1 E and 3 E states, not the ground state. In these excited states there is an off-center force due to the nearby d 9 p states which increases quadratically with off-center displacement. This force is countered by the short-range repulsive forces from the ligands which are greater for Ag ϩ in the Na ϩ site than for the smaller Cu ϩ . An additional effect of the d 9 p configuration is that it is the main source of vibronic intensity in the one-photon spectrum of the d 9 s configuration. This statement is supported by a comparison of the ratio of band areas of the 1 T 2 and 1 E bands and their energy spacing from the d 9 p band. In a perturbation calculation, the square of the energy denominator would be inversely proportional to the vibronically induced intensity. Thus the theoretical ratio of band areas would be 2.4: the observed ratio is 2 at 300 and 2.6 at 10 K, in satisfactory agreement with the perturbation calculation. Note a similar calculation for NaCl:Ag ϩ in Ref. 6 .
C. Jahn-Teller effect in the 1 E g state
The pair of bands belonging to the 1 A 1g → 1 E g transition signal the presence of a Jahn-Teller effect. The spacing between these bands is 1050 cm Ϫ1 at 10 K and it can give an approximate value of the Jahn-Teller energy. Using the configuration coordinate model, 23 the relationship is: ⌬E ϭ2ͱE JT •ប, where ប is the energy of the e g mode active in the Jahn-Teller distortion. The value of ប can be obtained from the temperature dependence of the band separation which is, using the same model,
. ͑3͒ Figure 6 shows this temperature dependence, and when fitted to Eq. ͑3͒, a value of បϭ250-275 cm Ϫ1 is obtained. This leads to E JT ϭ990-1100 cm Ϫ1 , a value about three times as large as for Cu ϩ in NaF in the 1 E state. 24 We find further evidence for a value of E JT near 1000 cm Ϫ1 from the strength of the origin lines in the one-and two-photon spectra relative to their respective broadband strengths. The one-photon line at 156 cm Ϫ1 has an area 1/115 of the band area, leading to an average Huang-Rhys factor Sϭ4.75. The zero-phonon line in the two-photon spectrum leads to a value of 4.7. These numbers give the average number of phonons excited in the transition, and when multiplied by the average frequency of the e g and a g modes, each taken to be 250 cm
Ϫ1
, a value of about 1200 cm Ϫ1 is obtained. We also note that the minimum between the bands is 1170 cm Ϫ1 above the origin line, giving another value of the Jahn-Teller energy.
The configuration coordinate model predicts a symmetrical pair of peaks, but as Fig. 3͑a͒ shows, the second peak is narrower and weaker than the first at low temperatures. It was decided to carry out a more complete analysis of the hand shapes.
Several more sophisticated theoretical models classified according to their method are available to analyze the A 1 →E optical absorption band shape. Reference 25 determined the band shape at Tϭ0 K by using vibronic energies and eigenfunctions of the Eϫe vibronic Hamiltonian obtained by numerical diagonalization. Another approach, called the independent ordering approximation ͑IOA͒, is based on the moment method. [26] [27] [28] It goes beyond the purely adiabatic solutions to describe transition probabilities, but the phonon and electronic degrees of freedom are separately time ordered. 26 One main difference between them resides in the fact that the numerical method of Ref. 25 of the fine structure in the absorption band ͑although with a considerable numerical calculation effort͒ but includes coupling to a 1 phonons only in an ad hoc way and has to be extended to finite temperatures. Instead, the IOA method gives only smoothed analytical line profiles, though with quite less numerical effort and as a function of temperature.
We chose the IOA method despite the drawback because it allows a largely analytical treatment of the line shape and it gives the temperature dependence of the line shape. The details of the method are given in the Appendix. Figure 6 shows the observed temperature dependence of the splitting between the two peaks relative to the low temperature value. The points calculated with the IOA method are seen to agree well with the measured ones. The configuration coordinate model using a 251 cm Ϫ1 vibration frequency, shown as the solid line in the figure, does not fit as well above 150 K. Figure 7 shows the calculated band shape compared to the observed one at 7 and 300 K. Globally the model is satisfactory but when, for instance, the detailed shape of the high energy side of the band is examined, it is clear that differences exist. This is also true for the width and exact relative intensity of the high energy peak. A smaller, better fitting high energy peak is obtained when the curvature of the upper potential sheet in the vicinity of the minimum of the lower one can be rendered smaller than predicted by the linear JT model. This is obtained, for instance, by including a centrifugal potential term or by including from the beginning nonlinear and anharmonic parts into the starting Hamiltonian. It would also be useful to extend the model so as to include different curvatures of the A 1g and the E g potential sheets.
The parameters,
, used in the fitting are consistent with the simple configuration coordinate model used above if the sum of the Huang-Rhys factors, d
2 /2ϩb 2 /2ϭ5.1, is compared to the value 4.7 obtained above from the spectrum, and the frequencies are close.
D. Analysis of the 3 E state
We have much less data for understanding the 3 E state since the one-photon absorption spectrum is distorted by the presence of dimer bands and our two-photon excitation scan does not go through the entire band. The zero-phonon line discovered in the two-photon spectrum at 42 593 cm Ϫ1 at 10 K represents the T 2 component of 3 E because of its polarization and because a transition to T 1 is forbidden. The T 1 level must lie below the T 2 and it is therefore the origin of vibronically induced fluorescence at low temperatures. The T 2 component lies between the first detectable one-photon absorption near 42 660 and the first detectable emission near 42 450 cm
Ϫ1
. These onsets are poorly known because there is no sharp structure in either absorption or emission in the one-photon spectrum. We can, however, understand the 3 E state fairly well if we include both kinds of spectra, the kinetics of emission, and analogies to NaF:Cu ϩ . The spectrum needs to accomodate ͑1͒ the T 1 ϪT 2 gap of 93 cm Ϫ1 found from the calculation and expected by analogy with Cu ϩ , and ͑2͒ the odd-parity t 1u phonons which make the one-photon spectrum allowed. The first condition would place the T 1 level at 42 500 cm
. The plot of lifetime versus temperature shown in Fig. 2͑c͒ gives a value of about 50 cm Ϫ1 for the odd-parity phonon in the ground state which makes the fluorescence allowed. Thus the first detectable fluorescence should occur at 42 450 cm
, which is in reasonable agreement with the experimental estimate made above. The onset of one-photon absorption could be explained if the t 1u mode of 156 cm Ϫ1 adds to the T 1 origin giving an absorption onset at 42 656 cm
, again in agreement with our experimental estimate. It is surprising, however, that the higher frequency t 1u mode rather than the lower one is active here, but this is in accord with our observation in the case of the 1 E band. The decay curve obtained at 4.2 K shown in Fig. 2͑b͒ has a 27 s decay initially, followed by a 740 s decay. This curve can be interpreted as a fast decay of the T 2 level via radiation to the ground state with rate constant k 20 , and a nonradiative decay into level T 1 with rate constant k 21 ; and a slow decay of level T 1 to the ground state with rate constant k 10 . The ratio of ordinates for the two at zero time is 300/170ϭ1.76, as seen in Fig. 2͑b͒ . This ratio must represent a branching at the level of the T 2 state for direct radiation to the ground state and nonradiative decay into the T 1 state. Using simple kinetic arguments, we can write this ratio as
The individual rate constants can be obtained using the experimental value of the ratio and the decay constants. Thus k 20 ϭ3500, k 21 ϭ33500, and k 10 ϭ1350 s Ϫ1 . We assumed that at 4.2 K, k 12 ϭ0. The ratio k 21 /k 20 ϭ9.6 is the branching ratio at the T 2 level at 4.2 K. Branching at the T 2 level is not observed in NaF:Cu ϩ . At 2 K, one observes only emission from T 1 into a 90 cm Ϫ1 t 1u phonon of the ground state.
11 Upon warming to 13 K, the beginning of emission from the thermally activated T 2 level, 25 cm Ϫ1 above T 1 is seen, and at higher temperatures the T 2 level does most of the emitting, and it is responsible for a drastic shortening of the lifetime above 20 K, first demon- . Juxtaposition of experimental spectra and theoretical ones ͓Eqs. ͑A1͒-͑A5͒. ͑a͒: theoretical spectrum TϷ6 K (xϭ50); ͑b͒: experimental spectrum Tϭ7.2 K, ͑c͒: theoretical spectrum TϷ290 K (xϭ0.95); ͑d͒: experimental spectrum Tϭ292 K. Parameters given in the text. xϭប/kT. strated in Ref. 29 . No such lifetime shortening occurs for NaF:Ag ϩ ; only the gradual shortening due to vibronic coupling. Evidently, the 93 cm Ϫ1 gap between T 1 and T 2 is not being thermally excited. We conclude that there is a radical difference between the potential surfaces of Cu ϩ and Ag ϩ and suggest that it is a result of the larger Jahn-Teller effect in Ag ϩ . Another notable difference from Cu ϩ is that the emission rate from T 2 is only 2.6 times that from T 1 , whereas it is 15 in Cu ϩ . This may also be a result of the larger JahnTeller effect since these two states could be mixed by a perturbation of E g symmetry.
We would expect the potential surfaces for the 3 E state to resemble that of the 1 E state, an example of the exE JahnTeller problem, but the spin-orbit splitting must modify these surfaces in some way. We can begin to see this by writing down the wave functions for the T 1 and T 2 states of 3 E,
where and are the one-electron partners of the e-orbital and a is the s-orbital, with spin indicated by ϩ or Ϫ, and there are four other partners. The linear Jahn-Teller operator is
Since we can ignore the spin-dependence of H, the matrix elements are given by the coupling coefficients and a single one-electron reduced matrix element called V. The part of the matrix given by the two functions above is
where ⌬ is the T 2 ϪT 1 energy difference. The roots are
Adding the harmonic restoring force gives the potential surface for these wave functions. In the Q direction in the Ϫ plane, the energy of the T 2 component ͑the ϩ root͒ follows the path
where k is the restoring force constant for the e-mode. The T 1 root follows the path
The two wave functions act as if they belong to the upper and lower potential surfaces in the exE Jahn-Teller case in this region of Q ϪQ space. The minimum energy point on the lower surface is Q ϭV/k, Q ϭ0, with energy E min (T 1 )ϭϪ⌬/2ϪV 2 /2k, where the last term is the Jahn-
Teller energy of about 1000 cm
. At this point on the upper surface, E(T 2 )ϭ⌬/2ϩ3V 2 /2k. Therefore, T 1 is lower than T 2 by over four times the Jahn-Teller energy. The T 1 state would act as a trap, since there could be no thermal activation into the T 2 energy level below 400 K at this point on the energy surface. When Q ϭϪV/k, then T 1 is above T 2 and the T 2 state does become populated, which would account for the branching observed. With tunneling barriers introduced by anharmonic terms, the slow decay of T 2 into T 1 could be explained. It appears likely, therefore, that the luminescence behavior can be explained by the properties of the multiple minima on a distorted Jahn-Teller potential surface. The coth-temperature dependence of the slow emission component can now be understood as the vibronic coupling to the T 1 → 1 A 1 transition. Further investigation of this example would be warranted. The temperature dependence of the fast emission should be determined, as well as the magnetic mixing of T 2 and T 1 . 30 A detailed study of the potential surface would also be of interest. Adding anharmonic terms will produce threefold tunneling barriers in the exE problem which tend toward the limiting case of the three disjoint paraboloids of the exT problem, and which could have been used as the starting point of our analysis.
E. The 1 T 2g level
The band at 182 nm ͑55 000 cm
Ϫ1
͒ shows in its onephoton spectrum below 20 K, three fine-structure lines ͑Table II͒ and three broad maxima separated by 415 and 455 cm Ϫ1 ͑Table I͒. The fine-structure lines must belong to oddparity vibrations which produce the transition intensity, but without the two-photon spectrum, we do not have the zerophonon energy needed to interpret these lines. In detailed theoretical studies, 31 optical band shapes of the A 1 →T transition problem were determined analytically by including the Tϫ(a 1 ϩeϩt 2 ) JT effect. The predicted line shapes show three maxima, in qualitative agreement with the observed line shape of the 1 T 2 band ͓Fig. 3͑c͔͒. We have performed no detailed analysis of this band, however.
V. CONCLUSIONS
The successful growth of NaF crystals containing Ag ϩ ions isolated from each other has made it possible to carry out a detailed spectroscopic study using one-and two-photon spectroscopy and luminescence. Zero-phonon lines were found in the spectra of two of the eight excited states of the 4d 9 5s configuration by two-photon spectroscopy, while three other states should have shown these lines. This defect is partly due to the larger linewidths and partly to instrumental problems. The one-photon spectra showed fine structure in three of the states. The spectra of Ag ϩ in other alkali halides show no fine structure, while the analogous Cu ϩ in NaF showed all the fine structure permitted by selection rules. There were no strongly marked progressions in the odd-parity off-center mode so prominent in NaF:Cu ϩ , showing that the potential surfaces for Ag ϩ in this mode are much less anharmonic. The Jahn-Teller effect is much greater than for Cu ϩ and appears in three excited states. It affects the luminescence decay so as to again differ from Cu ϩ : instead of thermally activated emission from the upper spin-orbit component of the 3 E state as in Cu ϩ , we see branching at this level with both states emitting, but not in thermal equilibrium.
The detailed data obtained for Cu ϩ and Ag ϩ in NaF would support a theoretical comparison of these two systems which could lead to a better understanding of the experimental parameters found.
